Cost-effective route to quaternary Cu 2 ZnSnS 4 nanostructured powder fabrication was developed by utilizing a two-step approach. In the first stage, nanostructured binary sulfides Cu 2 S, ZnS, and SnS were synthesized by chemical bath deposition. In the second stage, ternary sulfide Cu 2 ZnSnS 4 was obtained by low-temperature annealing of binary sulfides' mixtures at 70 and 300
Introduction
Earth abundant kesterite copper-zinc-tin-sulfide Cu 2 ZnSnS 4 (CZTS) is considered as cost-effective material for next generation solar cells. CZTS, a quaternary chalcogenide p-type semiconductor, is actively studied as a photovoltaic material due to its high absorption coefficient (∼10 4 cm −1 ), optimal direct band energy of ∼1.0-1.5 eV, as well as being composed of naturally abundant and nontoxic elements [1] In other words, CZTS contains non-toxic and cheap Zn and Sn, the production volume of which exceeds 20,000 and 500 times the volume of In production [2] . The similarity of the CZTS crystal structure and physical properties with CuIn x Ga (1−x) Se 2 (CIGS) allows production of solar cells by simply replacing the CIGS layer with a CZTS layer without developing a new technology [3] [4] [5] . The efficiency increase of solar cells prototypes based on CZTS was increased from 6.7 % [6] in 2009 to 10.1 % in 2011 [4] . The CZTS structure is described both stannite and kesterite [7] . Solid solution range of CZTS is significantly narrower than for CIGS [8] . One-phase powder can be synthesized from a precursor mixture with the elemental ratio: Cu/(Zn+Sn) = 0.92-0.95 and Zn/Sn = 1.0-1.03 [8] . However, in [9] it was assumed that the CZTS solid solution range with the kesterite structure is wider: Cu/(Zn+Sn) = 0.97, and Zn/Sn = 1.42. Higher energy conversion efficiency is demonstrated by CZTS powders, which are "enriched" in zinc and "depleted" in copper [10] .
All methods of synthesizing CZTS, as well as CIGS, are traditionally divided into vacuum and non-vacuum procedures. Vacuum methods are based on the deposition of pure elements of atoms, comprising CZTS on a substrate by sputtering [11] or evaporation [12, 13] at certain pressures These methods require complex equipment and high power consumption, which leads to higher costs for the synthesized compounds. In order to reduce a production technology cost, non-vacuum deposition methods such as spraying with pyrolysis, electrochemical deposition, chemical bath deposition, are used. These techniques have been developed in the production of semiconductor CIGS and CdTe thin films [14] and now can be used for the synthesis of CZTS [15] [16] [17] [18] . Chemical bath deposition method allows easy regulation of the reagent concentrations and the deposition time.
CZTS structure can be obtained by annealing at 55
• C [19] . According to this, the main limitation of chemical bath deposition method is that the temperature of the bath water cannot exceed 90-95
• C. In this study we propose decreasing the synthetic temperature by a two-step approach. In the first stage, nanostructured binary sulfides Cu 2 S, ZnS, and SnS are synthesized by chemical bath deposition. In the second stage, ternary sulfide Cu 2 ZnSnS 4 was obtained by low-temperature annealing of binary sulfides' mixtures at different temperatures. The compounds obtained at both stages were investigated by X-ray diffraction, scanning electron microscopy, optical absorbance and Raman spectroscopy.
Methods
Synthesis of the initial copper sulfide Cu x S was carried out by the interaction of a soluble CuSO 4 salt using thiourea N 2 H 4 CS as the sulfur source. The initial concentration of CuSO 4 and N 2 H 4 CS were 0.01 and 0.03 M, respectively. Based on the concept of reversibility of the N 2 H 4 CS hydrolytic decomposition in aqueous alkaline solutions, the reaction was carried out at pH = 11.35 and temperature 70
• C for 2.5 hours. The pH was adjusted by adding aq. NH 4 OH to the initial solution of CuSO 4 . After synthesis, the Cu x S powder was filtered, washed with 0.1 M aq. NH 4 OH and distilled water, and air-dried at room temperature.
The initial zinc sulfide powder ZnS was obtained by reaction of 0.02 M aq. ZnSO 4 with 0.1 M aq. sodium thiosulfate Na 2 S 2 O 3 . The reaction was carried out at pH = 6 and temperature 90
• C for 27 hours. The prolonged reaction time was due to the kinetic factor of decomposition of the sulfur source, Na 2 S 2 O 3 . The obtained ZnS powder was also filtered, washed by distilled water and air-dried at room temperature.
To synthesize the initial SnS x tin sulfide, 0.01 M aq. SnCl 2 and 0.05 M aq. sodium sulfide Na 2 S were used. In aqueous solutions Sn 2+ ions usually undergo hydrolysis; to suppress this process, the synthesis of SnS x was carried out at pH 0.46 in a solution of ethylenediaminetetraacetic acid (EDTA, 0.01 M). The reaction mixture temperature in the SnS x synthesis was 70
• C, the deposition time was 3 hours. After synthesis, the resulting SnS x powder was filtered and air-dried at room temperature.
Besides, the used pH values allowed obtaining not only the basic phases of the sulfides, but also a phase containing crystalline elemental sulfur.
The second stage is synthesis of the ternary sulfide Cu 2 ZnSnS 4 by annealing the corresponding amounts of individual sulfides obtained at the first stage. Based on the X-ray phase analysis data, weights of 2 moles of CuS, 1 mole of ZnS and 1 mole of SnS x were calculated. The sulfides CuS, ZnS and SnS x were mixed, ground and pressed into tablets. The obtained tablets were annealed in vacuo at 70
• C for two weeks and 300
• C for two days. Elemental sulfur S 8 in the initial powders allowed us to conduct annealing experiments without the need for adding extra crystalline sulfur to the initial mixture.
X-ray diffraction (XRD) patterns of all composites were obtained using a Stadi automatic diffractometer with CuK α (λ = 1.5406Å) with 2θ angle step 0.03
• and exposure time of 40 sec. Scanning electron microscopy (SEM) was carried out in order to analyze the microstructure and morphology of all synthesized samples using JEOL-JSM LA 6390. To confirm the change in bandgap, the UVVis spectra in the wavelength range of 300-700 nm (BaSO 4 was used as the standard) of composites were recorded using Shimadzu UV-2401 PC spectrophotometer. The chemical composition of the samples was determined by two methods: (i) by the energy-dispersive X-ray analysis (EDX) using a JEOL-JSM LA 6390 electron microscope with a JED 2300 analyzer; (ii) by X-ray photoelectron spectrometry (XPS) using ESCALAB MKII electron spectrometer with MgK α (E = 1253.6 eV) irradiation beam The Raman spectra of the samples were obtained at room temperature on a RENISHAW-1000 spectrometer (λ = 532 nm, P = 25 mW).
Results and discussion
The phase composition, crystal structure and particle size (coherent scattering regions) of the individual sulfides synthesized at the first stage were studied by X-ray diffraction analysis. According to the diffraction data, Cu x S powder contains 81 % CuS, 3 % Cu 2 S, 16 % CuSO 4 (wt %). The content of initial salt CuSO 4 in the Cu x S powder is explained by insufficient washing of the obtained Cu x S after the reaction. The particle size of CuS was 10.6 nm. Zinc sulfide powder consists of the main ZnS phase 78 % and 22 % sulfur S 8 . The ZnS particle size was 4.6 nm. The synthesized powder SnS x was a mixture of phases: 10 % SnS, 23 % SnS 2 , 14 % SnO, 53 % S 8 . The presence of tin oxide SnO was due to the impossibility to suppress the Sn 2+ ions hydrolysis process. The powder annealed at 70
• C differs from initial mixture by presence of Cu 5 Sn 2 S 7 phase (Fig. 1) . This indicates that formation of CZTS began from the intercalation of tin into the Cu x S matrix.
Currently, different methods are required to characterize the crystal structure and compositional purity of CZTS nanoparticles obtained by the annealing at 300
• C. Fig. 2 demonstrates the SEM images and XRD pattern. The EDX measurements revealed the compositional non-stoichiometry within the quaternary sulfide nanopowder. Therefore, CZTS particles have different structures. The XRD pattern (Fig. 2b) proved two binary sulfides CuS and SnS 2 to present in the CZTS powder as impurities. The CZTS phase cannot be identified by X-ray diffraction unambiguously, because three main peaks of ZnS and CTS coincide with three peaks of CZTS phase. Presence
FIG. 1. a, b -SEM images of CZTS sample annealed at 70
• C. The composition of marked regions was determined by EDX analysis; c -XRD pattern of CZTS sample annealed at 70
• C. The main peaks are marked as belonging to phases CuS, CuS 2 , ZnS, ZnSO 4 , SnS 2 , SnO, Cu 5 Sn 2 S 7 (CTS) of CZTS phase was determined by Raman shift spectroscopy (Fig. 3a) . The most intense peak at 329 cm −1 corresponds to kesterite structure [20, 21] . The small peaks at 248, 289 and 370 cm −1 could be referred to as 'shoulders' of the main peak. It is important that the ZnS and CTS phases were not present in the Raman spectrum. This fact allowed the interpretation that the most intensive XRD peaks belong to the CZTS phase. According to X-ray diffraction analysis, the resulting powder was a mixture of Cu 2 ZnSnS 4 :SnS 2 :CuS phases, predominantly CZTS in a ratio of 96:2:2. The particle size of Cu 2 ZnSnS 4 was ∼100 nm.
The optical measurements are consistent with the XRD analysis and Raman spectroscopy data. Three inflections are visible in the optical absorption curve (Fig. 3) . This indicates that the powder consists of three phases. In order to determine the effective band gap E g of each phase, the experimental absorption spectra were reduced to the form (αhν) 2 = f (hν). Bandgap of 1.7 eV could be attributed to either Cu 2 ZnSnS 4 or SnS 2 [22], 1.3 eVto CuS, and 1.2 eV -to SnS. Increasing of the band gap to 1.7 eV in comparison to E g ≈ 1.5 eV for bulk Cu 2 ZnSnS 4 [23] may be due to either small particle size (100 nm), or to the ratio of [Sn]/[Cu] in CZTS. According to experimental data [24] , an increase in the fraction of [Sn] can lead to an increase in E g for Cu 2 ZnSnS 4 films up to 1.63 eV, but the mechanism of this phenomenon has not been studied yet.
Analysis of the stoichiometric ratios for the elements was carried out using XPS spectrometry. The XPS spectrum from the surface of the powder annealed at 300
• C is shown in Fig. 4 . Apart from, the XPS measurements Fig. 4) .
The penetration sample depth of the XPS analysis is several nanometers. In contrast, the EDX chemical analysis allows a depth of about one micron within a local area. In order to compare these methods, elemental composition of the CZTS particle, shown in Fig. 2a , was investigated by using both XPS and EDX analyses. In its turn, the XRD data refer to the entire volume of the sample. Thus, the elemental composition analysis fulfilled by using all methods mentioned above made it possible to determine the distribution of metals and sulfur within synthesized nanopowder of quaternary sulfide.
The chemical composition data obtained by different methods are given in the Table 1 . It can be seen from the Table that the Cu content on the surface is smaller than in the bulk. On the other hand, the Sn content is larger on the surface than in the bulk. This experimental fact could be explained by the suggestion that the tin-containing impurity phases are located mainly on the surface of the sample.
Obviously, the stoichiometry of the sample changes strongly both while moving from the surface into the bulk, and from the local area to the entire volume of the sample. According to EDX, there is a lack of tin and sulfur in a separate CZTS particle. The XRD data reveals that the powder composition has an exact stoichiometric ratio FIG. 4. Survey XPS spectrum for CZTS powder annealed at 300
• C. In the right-hand inset: detailed XPS spectrum of 0-110 eV range. In the left-hand inset bar chart of element content calculated from XPS data between metals and sulfur, but an excess of Zn is observed among metals. In its turn, the Raman spectroscopy data proved the absence separate Zn-containing phase, so Zn may be assumed to enter the CZTS lattice. In this case, the stoichiometric composition of the powder can be written approximately as follows: Cu 2−x Zn 1+x SnS 4 , x ≈ 0.3.
Conclusion
Thus, the use of nanocrystalline sulfides CuS, ZnS and SnS x as intermediate compounds may lead to a decrease in the solid-phase synthesis temperature from the traditional 550
• C to 300
• C and the formation of Cu 2 ZnSnS 4 in the nanocrystalline state. On the basis of our findings, we established that Cu 2 ZnSnS 4 phase had already formed at 300
• C. The synthetic pathway revealed in this work allows reduction of the temperature at which Cu 2 ZnSnS 4 synthesis occurs, and as a result, offers the possibility of reducing the manufacturing costs. Finally, it is apparent that the creation of compositionally uniform and stoichiometric multinary CZTS semiconductor nanoparticles requires further study.
